A digital concatenated grating composed of five subgratings is proposed. Essential formulas on Bragg periods of subgratings and an analytical expression for the reflection-spectrum envelope are presented, which show how to use reflection-spectrum envelopes to construct a digital concatenated grating with uniform reflection peaks. For a perfect design, the spectral center separation of adjacent Bragg gratings will be chosen as the integral times of the reflectivity peaks' spacing. Gaussian apodization on the whole profile grating not only eliminates the sidelobes of each reflection peak but also provides a better flat reflection-spectrum envelope than that of the digital concatenated Gaussian-apodized grating.
INTRODUCTION
Sampled gratings (SGs) are pivotal components for optical communications and optical fiber sensor systems because of their wide applications in tunable semiconductor lasers [1, 2] , multichannel dispersion compensation [3, 4] , multichannel signal processing [5, 6] , etc. However, the uneven reflection-spectrum envelope of sampled gratings is a key factor that limits their applications. Especially, in tunable sampled-grating distributed Bragg reflector (SG-DBR) lasers, sampled gratings with a sinc spectrum envelope have a large output power variation over the whole tuning range. Various kinds of designs and writing techniques have been proposed for obtaining a broad flat-top reflection-spectrum envelope, including multiple phase shifts [7, 8] , sinc-function apodization [9] , the interleaved technique [10] , and multiple reflection-spectrum envelopes concatenated (MRSEC) technology [11] .
The interleaved technique consists of interleaving several sampled gratings to increase the strength and bandwidths of the individual channels and shorten the reflection-peak spacing [5] . That is, interleaving N sampled gratings can reduce the sampling period by 1 / N times. However, this technology may result in the disappearance of some peaks in the specified wavelength.
Another approach is to use multiple phase shifts to obtain uniform reflection peaks over a large spectral region [7] , but in this approach it is necessary to modify the relative phase of the channels, similarly to appending the phase-only sampling function in the conventional Bragg grating.
The MRSEC technology is used for concatenating a series of reflection-spectrum envelopes of sampled gratings with different Bragg wavelengths to obtain a broad flattop reflection-spectrum envelope. By a careful selection of the Bragg wavelengths of the sampled gratings, a new type of multipeak grating is obtained, called the digital concatenated grating.
In this paper, the schematic structure of the digital concatenated grating (DCG) is illustrated. An analytical formula for the reflection-spectrum envelope is used to demonstrate the advantage of the DCG. The impact of the parameter m on the reflection spectrum of the DCG is also discussed. A Gaussian tailoring of coupling strength along the DCG is also introduced into the sampling function and the whole grating profile function.
DESIGN OF DIGITAL CONCATENATED GRATINGS
A. Theoretical Formulas An application of the MRSEC technology is shown in Fig. 1 , where the DCG is composed of five ͑M =5͒ sampled gratings called subgratings. In Fig. 1(a) , all the reflectionspectrum envelopes of the subgratings have identical shapes, and the spectral center separation ⌬ between adjacent reflection-spectrum envelopes is a constant. According to Fig. 1(a) , the characteristics of all subgratings, such as the sampling period, the effective refractive index, and the grating segment length in the sampling period, are similar except for the Bragg period. The proposed grating structure, as shown in Fig. 1(d) , can be obtained by reverse Fourier transform of the resultant reflection-spectrum envelope with broad flat-top in Fig. 1(c) .
In order to determine how to obtain a flatter reflectionspectrum envelope in the DCG, we need to obtain the analytical formula of its reflection-spectrum envelope. By use of the coupling-mode theory and Fourier theory, the coupling coefficient for the conventional sampled grating can be expressed by
where Z 0 is the length of the sampling period and Z g is the grating segment in the sampling period of the conventional sampled grating. The coupling coefficient of the conventional sampled grating in relation to wavelengths is [11, 12] 
The phase at the interface of the adjacent grating in the DCG is zero. The distance between the initial burst port of the first subgrating and the initial burst port of the other subgratings is represented by d, as shown in Fig. 1 (b). The distance d introduces additional phase shift in the whole grating, so it must be considered. According to the formula of Eq. (2), the coupling coefficient of each subgrating in the DCG is defined as
where ⌳ i is the Bragg period of the ith subgrating that must satisfy the following condition:
where
M and n eff are the number of subgratings and the effective refractive index of the grating waveguide, respectively; c is the central wavelength of the reflection spectrum of the DCG; and m is an integer. The analytical formula of the resultant reflection-spectrum envelope for the digital concatenated grating is governed by
͑6͒
The concatenation of reflection-spectrum envelopes can fill in the gap of the sinc spectrum envelope of the conventional sampled grating. Unlike interleaved gratings, there are no empty regions or lost reflection peaks in the DCG. Moreover, interleaving N sampled gratings makes the sampling period reduce by 1 / N times [5] , while concatenating the N sampling grating cannot change the sampling period. Unlike with phase gratings, there is no phase shift in each grating segment, including the interface of the adjacent grating segment. Furthermore, from Eqs. (4) and (5), the difference between the DCG and other modulated gratings lies in the fact that the Bragg period of each subgrating is determined only by the given length of the sampling period and the parameter m.
B. Spectrum Analysis of Digital Concatenated Gratings
The transfer matrix method is introduced to simulate the reflection spectrum of the DCG, and the reflectionspectrum envelope of the DCG is calculated by use of analytical expression of Eq. (6), which is plotted with the solid line (magenta online) outlining the peaks' profile in Fig. 2 .
The parameters used for the grating simulation are Table 1 conform to the formulas of Eqs. (4) and (5). The spectrum property of the DCG with five subgratings is illustrated in Fig. 2 , where the spectral center separation between adjacent reflection-spectrum envelopes ⌬ is 3.3854 nm, which is five times the reflection peak spacing ␦. Up to 23 identical useful channels are obtained, as shown in Fig. 2 , where the envelope of the reflection spectrum is in good agreement with the envelope calculated by the analytical expression with the magenta solid line. The accuracy of this proposed formula can be verified by the abovementioned agreement.
To explain how the formulas of Eqs. (4) and (5) are used to optimize the grating, it is necessary to analyze the influence of the Bragg period of each subgrating on the flatness of the reflection-spectrum envelope. In Fig. 3 , the reflection-spectrum envelope (solid curve) that conforms to the design of formulas of Eqs. (4) and (5) has a smaller ripple in the envelope top than that of the other design. The fluctuation in the reflection-spectrum envelope results in some peaks in the grating being suppressed or enhanced. The more the spectral center separation deviates from the given value of 3.3854 nm, the wider the 3 dB bandwidth of the reflection-spectrum envelope is.
In Eq. (5), m is an integer, which means that the spectral center separation ⌬ is m times the peak spacing ␦, 
GAUSSIAN APODIZATION ON DIGITAL CONCATENATED GRATINGS
For a clear understanding of the impact of Gaussian full apodization on the coupling strength along the grating, Table 1 . The effective refractive index of the digital grating also remains constant. One Gaussian apodization is on the sampling function, whose apodized refractive-index profile of the DCG is displayed in Fig. 5(a) . This grating is called a digital concatenated Gaussian-apodized grating; its reflection spectrum is shown in Fig. 5(b) . Another Gaussian apodization is on the whole grating profile function, as shown on the DCG in Fig. 6(a) . This grating is called the Gaussian-apodized DCG; its reflection spectrum is shown in Fig. 6(b) . It is clear that Figs. 5 and 6 can increase our understanding of the effects of Gaussian apodization on the DCG. The Gaussian apodization on the sampling function can change the shape of the reflection-spectrum envelope in Fig. 5 , where there are only 15 peaks with high reflectivity. Under the same grating parameters, the 3 dB spectrum envelope of the digital concatenated Gaussianapodized grating is narrower than that of the DCG. Moreover, concatenating a series of Gaussian shapes cannot provide a wide and flat reflection-spectrum envelope. When compared with the DCG, the Gaussian apodization on the whole grating profile function of the DCG does not reduce the number of reflection peaks but increases the fluctuating amplitude of the reflection-spectrum envelope. The Gaussian apodization on the whole grating profile of the conventional sampled grating is similar to that of the DCG in that both of them can eliminate the sidelobes of the reflection peaks. In other words, the Gaussianapodized DCG is better than the digital concatenated Gaussian-apodized grating because it can offer a broad comb spectrum without sidelobes.
CONCLUSION
Based on the MRSEC technology, the digital concatenated grating (DCG) is proposed and designed. An analytical expression of the reflection-spectrum envelope and essential formulas on Bragg periods of the subgratings have been presented for the DCG design. The accuracy of this expression has been verified by the good agreement of the calculated reflection-spectrum envelope with the reflection peak values simulated by the transfer matrix method. The deviation from the essential formulas of Eqs. (4) and (5) would break the flatness of the reflectionspectrum envelope and lead to suppressed or enhanced reflection peaks of the gratings. In order to obtain a noticeably flat reflection-spectrum envelope, the parameter m in Eq. (6) must be an integer of ՅM + 1 and ՆM −1. A large m value can increase the 3 dB bandwidth of the reflection-spectrum envelope and reduce the linewidths of the reflection peaks. Gaussian apodization on the whole profile function can not only eliminate sidelobes on each reflection peak but also provide a flatter reflectionspectrum envelope than that of the digital concatenated Gaussian-apodized grating. 
